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ing	 two	primary	 feathers	 from	both	wings.	We	quantified	 the	nest	visitations	of	
both	parents,	proportion	of	high-quality	food	brought	to	the	nestlings	and	adults	
and	nestlings	condition.	Differences	in	oxidative	damage	caused	by	a	possible	re-




3.	 “Plucked”	males	 travelled	a	5%	shorter	distance	per	wingbeat,	 showing	 that	our	























leads	 to	 a	decreased	 survival	 or	 less	 successful	 breeding	 in	 the	 fol-
lowing	season	possibly	caused	by	a	depletion	of	available	energy	re-
sources	(Stearns,	1992;	van	Noordwijk	&	de	Jong,	1986).	Birds	have	
been	 typically	used	as	model	 species	 in	 life-	history	 studies	because	





immediately	 after	 breeding,	most	Passeriformes	 from	 temperate	 re-
gions	undergo	an	extensive	replacement	of	 their	 feathers,	 i.e.	moult	
(Jenni	&	Winkler,	1994),	 and	because	 renewed	 feathers	are	 import-
ant	 for	 future	survival	 (Nilsson	&	Svensson,	1996),	 it	was	suggested	
that	moult	could	be	a	mediator	of	 this	classical	 trade-	off	 (Hemborg,	
Sanz,	&	Lundberg,	2001;	Nilsson	&	Svensson,	1996;	Siikamäki	et	al.,	
1994;	Williams,	2012).	Support	for	this	hypothesis	was	offered	by	ex-




Moult	 is	 an	 important	 annual	 cycle	 stage	 in	which	birds	 replace	
body	and	 in	some	cases	wing	feathers	 (Jenni	&	Winkler,	1994).	 It	 is	
a	 supposedly	 energetically	 expensive	 stage,	 because	 small	 passer-
ines	may	 renew	up	 to	25%	of	 their	 lean	dry	mass	 in	 feathers	 (Jenni	
&	Winkler,	1994;	Murphy	&	King,	1991,	1992).	Moreover,	flight	and	
thermoregulation	might	be	compromised	during	moult	 stage	due	 to	




































stand	how	a	 costly	breeding	would	 affect	moult	onset	 (e.g.	 cause	a	
delay)	and	its	related	fitness	consequences.	This	was	done	by	(1)	ma-




















atively	 affect	 escape	 performance	 from	predators	 (Echeverry-	Galvis	
&	Hau,	2013).	We	could	 also	expect	 a	 sexual	 conflict,	 because	 it	 is	
usual	for	males,	but	not	females,	to	overlap	moult	and	breeding,	sug-
gesting	 that	males	will	 be	more	 likely	 than	 females	 to	 prioritise	 fu-
ture	reproduction	(Harrison,	Barta,	Cuthill,	&	Székely,	2009;	Hemborg,	
K E Y W O R D S
Ficedula hypoleuca,	high-speed	camera,	oxidative	stress,	parental	care,	pied	flycatcher,	PIT-TAG,	
plumage,	trade-off
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would	 result	 in	 lower	quality	 feathers	 for	 the	consecutive	migration	
(Echeverry-	Galvis	&	Hau,	2013).
A	 common	 point	 of	 the	 examples	 above	 is	 the	 assumption	 that	
replacing	feathers	during	moult	is	not	only	energetically	expensive	by	
itself	 but	 that	 it	 also	 negatively	 affects	 the	 flight	 capabilities	 of	 the	
animal	 (Hemborg	&	Lundberg,	1998).	This	was	supported	by	a	num-
ber	of	studies	 in	 laboratory	conditions	that	quantified	the	effects	of	
moult	 on	 flight	 performance	 (Chai,	 1997;	 Swaddle	 &	Witter,	 1997;	
Swaddle	et	al.,	1996;	Williams	&	Swaddle,	2003),	suggesting	that	wing	
gaps	could	be	detrimental	to	the	individual,	for	example,	 in	terms	of	
predation	 pressure	 (Lind,	 Jakobsson,	 &	 Kullberg,	 2010;	 Swaddle	 &	
Witter,	1997).	Curiously,	 this	ends	up	generating	a	 segregation:	be-
cause	 fitness	 should	 be	 investigated	 in	 field	 conditions	while	 flight	









tests	 for	 the	 effects	 of	 simulated	 moult-	breeding	 overlap,	 creating	
wing	gaps	while	controlling	for	other	factors;	(2)	collecting	field	data	









at	 disentangling	 which	 aspects	 were	 affected	 by	 wing	 gaps	 during	
breeding.
2  | MATERIALS AND METHODS




more	 information).	 All	 procedures	 were	 carried	 out	 under	 licenses	
of	 the	 Animal	 Experimental	 Committee	 of	 the	 Royal	 Netherlands	
Academy	of	Sciences	(KNAW)	(protocol	NIOO	14.13).
Nest	boxes	were	checked	once	to	twice	per	week	as	soon	as	pied	
flycatcher	 nesting	 material	 was	 detected.	 After	 the	 first	 eggs	were	
found,	 nests	were	 checked	more	 frequently	 to	 determine	 the	 total	











sus	and	third	primary	 length	 (to	 the	nearest	0.1	mm)	and	weight	 (to	
the	nearest	0.01	g).	Finally,	 if	a	male	was	in	the	“plucked”	group,	we	













PIT-	TAGS	 to	 prevent	 any	 effect	 of	 additional	 tags	 on	 the	 bird’s	mi-
gration.	After	this	procedure,	the	females	were	immediately	released,	
but	the	males	were	taken	to	the	Netherlands	Institute	of	Ecology	and	







2.2 | Nest visitations and prey choice
Data	on	prey	choice	was	collected	using	cameras	(mini	CMOS	camera,	
Velleman)	installed	in	the	nest	box	lids	and	then	connected	to	video	









When	 chicks	 were	 9	 days	 old,	 we	 also	 installed	 PIT-	TAG	 read-
ers	at	the	entrance	of	each	box	to	detect	when	each	 individual	bird	
(equipped	with	PIT-	TAGS)	visited	the	nest.	These	measurements	were	
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taken	 continuously	 until	 chicks	were	 12	days	 old	 and	 parents	were	














































































































































































= = = = = = = =
     |  393Functional EcologyTOMOTANI eT Al.
pseudo	visits,	we	used	the	video	data	collected	for	prey	choice	to	dis-
criminate	the	minimum	time	interval	that	actually	reflected	a	real	nest	
visitation.	We	 then	used	 this	 interval	 to	 filter	 all	 “visitations”	with	a	
shorter	length	of	time.
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was	 supplemented	 by	 two	 fluorescent	 lamps	 connected	 to	 a	 timer	
that	switched	on	half	an	hour	after	the	sunrise	and	off	half	an	hour	
before	the	sunset.	Therefore,	birds	were	exposed	to	the	natural	pho-







flight	 chamber	 in	which	 they	were	 filmed	 flying	 straight	 up	 using	 a	
stereoscopic	high-	speed	videography	system	(Figure	1a).	The	system	






during	 the	 initial	phase	of	 the	 flight	 trajectory	 the	bird	would	 show	
maximum	effort	 to	accelerate	up	to	the	top	perch,	while	during	the	






bird	would	 fly	 up	 using	 a	mostly	 straight	 flight	 path.	All	 analyses	
were	based	on	the	straight	flight	manoeuvres	only.	The	whole	data	
collection	spanned	21	consecutive	days	in	total,	which	was	the	same	




2.4 | Flight performance components (see 
Appendix S1 for more details)
Throughout	 each	 flight	 trial,	 we	 determined	 the	 three-	dimensional	
displacement	of	 the	 tip	of	 the	beak	and	 the	start	of	each	wingbeat	
using	the	tracking	software	developed	by	the	Hedrick	Lab	(Hedrick,	
2008).	Based	on	 these	data,	we	determined	 for	each	 flight	 trial	 the	
average	wingbeat	 frequency	 fmean,	 the	 average	 flight	 velocity	Umean 





manoeuvres	 in	our	 experiments,	 the	distal	 part	 of	 the	beating	wing	








































     |  395Functional EcologyTOMOTANI eT Al.
moves	faster	than	the	proximal	wing	section,	and	therefore	contrib-







































the	 brachial	 vein.	We	 collected	 circa	 40	μl	 of	 blood;	 samples	 were	
	immediately	centrifuged	and	the	plasma	stored	at	−80°C.
The	 plasma	 oxidative	 damage	 was	 quantified	 by	 measuring	
the	 levels	 of	 reactive	 oxygen	metabolites	 (ROMs)	with	 the	 d-	ROM	
test	 (Diacron	 International,	 Grosseto,	 Italy;	 Costantini	 et	al.,	 2006).	
Reactive	oxygen	metabolites	are	hydroperoxides,	end-	products	of	the	
oxidation	of	 lipids,	 proteins	 and	nucleic	 acids.	 Since	hydroperoxides	

































related	 to	 the	 present	 experiment,	 Tomotani,	 van	 der	 Jeugd,	 et	 al.	
(2017)),	which	could	 impose	an	additional	constraint	 to	 the	survival	
probability	for	this	group	(Bowlin	et	al.,	2010).	The	male	survival	com-

















Number	 of	 fledged	 chicks	was	 also	 analysed	 in	 relation	 to	 treatment,	
hatching	date	and	brood	size,	also	including	“pair”	as	a	random	effect.
Number	 of	 visits	 and	 proportion	 of	 caterpillars	 or	 spiders	were	
tested	 in	 similar	mixed	 effect	models	with	 the	 individual	 adult	 bird	




also	 included	all	 interactions	between	treatment,	 sex	and	chick	age.	
For	the	proportions	of	high-	quality	prey,	we	included	treatment,	sex,	




























of	 nests.	We	 ensured,	 however,	 that	 the	 treatments	were	 not	 sig-
nificantly	different	 in	neither	average	chick	hatching	date	 (F1,56 = 0; 
p	=	1.0;	control:	54.59	±	4.99;	plucked:	54.59	±	4.91)	nor	in	brood	size	














area	 during	 flight	 by	 on	 average	 28%	 relative	 to	 the	 control	 group	
(F1,39 = 23.44; p < .01; S2,mean,control	=	1.15	±	0.21	×	10
−6 m4	 (M	±	SD)	
n = 22; S2,mean,control	=	0.83	±	0.18	×	10
−6 m4,	 n	=	19).	 Natural	 moult	
onset	 was	 not	 affected	 by	 treatment	 (F1,38 = 0.001; p = .98; con-
trol	=	75.77	±	1.02;	plucked	=	75.81	±	1.08,	in	April	days),	moreover,	
plucked	 feathers	 only	 started	 re-	growing	 once	 birds	 dropped	 their	
first	innermost	primary	feather,	which	in	most	cases	happened	several	
days	after	the	laboratory	flight	trials	ended.	Thus,	our	manipulations	








on	the	original	brood	size	(F1,36.89 = 9.80; p	<.01;	slope	=	0.73	±	0.23).	
Adult	 mass	 was	 significantly	 related	 to	 sex,	 females	 lost	 weight	
from	day	7	 to	 day	12	 independent	 of	 treatment;	weight	 of	males	
either	did	not	change	or	slightly	increased	(F1,50.35 = 36.58; p < .01; 










each	 sex	 is	 tested	 separately	 (post	 hoc)	 is	 not	 significant	 (Table	 S1).	
The	increased	number	of	visits	of	plucked	females	(9.85%	more	than	
controls	on	average)	was	strikingly	similar	to	the	reduction	in	visits	by	
the	 plucked	 males	 (9.87%	 less	 than	 controls	 on	 average)	 (Figure	2),	
moreover,	the	sum	of	the	male	and	female	visits	did	not	significantly	
differ	with	 treatment	 (F1,51.02 = 0.001; p	=	.98).	This	 suggests	 that	 fe-
males	in	the	plucked	group	fully	compensate	for	their	male’s	reduced	
visitation.	The	number	of	visits	were	also	significantly	affected	by	brood	
size	with	more	visits	in	nests	with	larger	broods	(F1,36.09 = 9.99; p < .01; 
slope	=	30.08	±	9.45),	hatching	date	with	earlier	nests	having	more	vis-
its	(F1,27.22 = 7.41; p	=	.02;	slope = −4.33	±	1.58),	and	chick	age	with	a	
lower	number	of	visits	at	chick	day	11	than	day	10	(F1,101.91 = 12.78; 
p	<	.01;	day	11	=	21.67	±	6.06	fewer	visits	than	day	10).
Finally,	 there	was	no	 significant	 effect	 of	 treatment	on	 the	pro-
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3.3 | Flight performance
We	 tested	 the	 effect	 of	wing	 gaps	 on	 flight	 performance	 using	 26	
plucked	and	29	control	birds.	In	total,	we	recorded	303	flights	in	the	
vertical	flight	tunnel.	We	used	147	of	the	recorded	manoeuvres	for	
our	 analysis	 (Figure	1c),	 as	 these	 were	 scored	 as	 “straight”	 flights	
and	they	were	from	birds	that	were	not	excluded	from	the	analysis	
as	mentioned	 above.	 Every	 individual	 had	 at	 least	 a	 single	 straight	
flight	 sequence.	 Based	 on	 the	 analysis	 of	 these	 straight	 trajecto-
ries,	we	found	that	the	control	birds	had	an	average	flight	speed	of	
Umean,control	=	2.52	±	0.23	m/s	 (M	±	SD,	n = 22),	 of	which	 the	 vertical	
velocity	 component	 was	 wmean,control	=	2.36	±	0.24	m/s.	 At	 an	 aver-
age	wingbeat	frequency	of	fmean,control	=	19.9	±	1.41	Hz,	this	resulted	
in	a	displacement	per	wingbeat	of	Dmean,control	=	0.13	±	0.01	m,	and	a	




Males	 in	 the	 plucked	 group	 had	 a	 5%	 smaller	 displacement	
per	 wingbeat	 (Dmean,plucked	=	0.12	±	0.01	m)	 than	 the	 control	 group	
(F1,37.26	=	5.31,	 p	=	.03,	 Figure	3a,b).	 Our	 results	 suggest	 that	 the	
plucked	 animals	 partially	 compensate	 for	 this	 reduction	 in	 dis-
tance	 travelled	 per	 wingbeat	 by	 increasing	 wingbeat	 frequency	















tion	 in	 second	moment	 of	wing	 area	 caused	 by	 plucking	 the	 feath-
ers.	This	compensation	might	be	achieved	by	a	concomitant	increase	
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3.4 | Oxidative stress
There	 was	 no	 effect	 of	 treatment	 on	 ROMs	 or	 OXY	 (Table	 S5).	





















Our	 results	 suggest	 that	 male	 pied	 flycatchers	 with	 experimentally	
induced	 wing	 gaps	 suffer	 from	 a	 lower	 flight	 performance	 as	 the	
removal	 of	 the	 second	 and	 third	 primary	 flight	 feather	 led	 to	 a	5%	
reduction	 in	 travel	distance	per	wingbeat	 in	upward	directed	 flight.	
This	 reduction	 in	 flight	performance	might	 result	 in	 increased	ener-
getic	costs	of	foraging	and	commuting	flight,	prey	capture	success	or	
predator	avoidance	and	would	be	expected	to	be	detrimental	 if	oc-
curring	 during	 chick	 provisioning.	 However,	 these	 same	 birds	 with	
this	simulated	moult	did	not	have	a	decline	in	their	condition	in	terms	










(although	not	 significant).	 Therefore,	 although	males	had	 a	 reduced	
flight	 performance,	 it	 seems	 that	 the	 females	 paid	 the	 costs	 of	 the	
males`	moult-	breeding	overlap.
As	 mentioned	 before,	 although	many	 studies	 explored	moult-	
breeding	 trade-	off,	 just	a	 few	of	 them	tested	 the	direct	effects	of	
moult-	breeding	 overlap	 (Table	1).	 Thus,	 a	 more	 direct	 compar-
ison	with	 our	 results	 is	 only	 possible	with	 the	 study	 of	 Hemborg	







increasing	 the	 effect,	 while	we	 only	 handicapped	 males.	 Females	
do	not	moult	while	breeding	as	often	as	males	and	costs	of	over-
lapping	 these	 two	stages	may	be	much	higher	 in	 females	 (Jenni	&	
Winkler,	1994).	Thus,	 it	 is	 likely	that	males	 in	our	study	were	only	
able	 to	maintain	 their	 condition	 and	 still	 be	 successful	 in	 fledging	
their	broods	because	of	the	compensatory	capacity	of	the	females.	
Moreover,	it	is	important	to	remember	that	the	moult	involves	other	















We	 did	 observe	 that	 females	 in	 the	 plucked	 group	 visited	 their	
nests	10%	more	 than	 females	 in	 the	control	group,	 suggesting	 they	
allocated	more	effort	in	parental	care.	Curiously,	females	still	did	not	
significantly	differ	 in	their	return	rates	from	their	wintering	grounds.	
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ers	will	 prioritise	 their	 future	 reproduction.	Although	 they	do	 suffer	
flight	costs	due	to	moult,	when	they	overlap	moult	and	breeding,	they	
do	not	suffer	high	 fitness	costs,	 since	 they	are	still	 able	 to	maintain	




The	 recent	 increase	 in	 temperature	 caused	 by	 climate	 change	
causes	changes	in	the	timing	of	annual	cycle	stages	but	not	at	the	same	
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